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The histone methyltransferase ESET is required for 
the survival of spermatogonia! stem/progenitor cells 
in mice 

J An^ ^ X Zhang^ '^ J Qin\ Y Wan\ Y Hu\ T Liu\ J Li\ W Dong\ E Du^ C Pan^ and W Zeng*'^ 

Self-renewal and differentiation of spermatogonial stem cells (SSCs) are the foundation of spermatogenesis throughout a male's 
life. SSC transplantation will be a valuable solution for young male patients to preserve their fertility. As SSCs in the collected 
testis tissue from the patients are very limited, it is necessary to expansion the SSCs in vitro. Previous studies suggested that 
histone methyltransferase ERG-associated protein with SET domain (ESET) represses gene expression and is essential for the 
maintenance of the pool of embryonic stem cells and neurons. The objective of this study was to determine the role of ESET in 
SSCs using in vitro cell culture and germ cell transplantation. Cell transplantation assay showed that knockdown of ESET 
reduced the number of seminiferous tubules with spermatogenesis when compared with that of the control. Knockdown of ESET 
also upregulated the expression of apoptosis-associated genes (such as P53, Caspase9, Apaf1), whereas inhibited the 
expression of apoptosis-suppressing genes (such as Bci2i1, X-linked inhibitor of apoptosis protein). In addition, suppression of 
ESET led to increase in expression of Caspase9 and activation of CaspaseS (P17) as well as cleavage of poly (ADP-ribose) 
polymerase. Among the five ESET-targeting genes (Cox4i2, spermatogenesis and oogenesis Specific Basic Helix-Loop-Helix 2, 
Nobox, Foxn1 and DazI) examined by ChIP assay, Cox4i2 was found to regulate SSC apoptosis by the rescue experiment. BSP 
analyses further showed that DNA methylation in the promoter loci of Cox4/2 was influenced by ESET, indicating that ESET also 
regulated gene expression through DNA methylation in addition to histone methylation. In conclusion, we found that ESET 
regulated SSC apoptosis by suppressing of Cox4/2 expression through histone H3 lysine 9 tri-methylation and DNA methylation. 
The results obtained will provide unique insights that would broaden the research on SSC biology and contribute to the 
treatment of male infertility. 
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Self-renewal and differentiation of spermatogonial stem cells 
(SSCs) are the foundation of spermatogenesis throughout a 
male's life. In mouse, SSCs were arisen from gonocytes at 
postnatal days 3-8 and considered as a subpopulation of the 
most undifferentiated spermatogonia (As spermatogonia).'''^ 
As spermatogonia are able to divide into new As spermato- 
gonia or A-paired (Apr) spermatogonia that remain connected 
by an intercellular bridge. The Apr spermatogonia divide into 
chains of A-aligned (Aal) spermatogonia. The Aal form A1 -A4 
spermatogonia and then intermediate and type B spermato- 
gonia.^ SSCs are rare in testes, isolation and purification of 
the SSCs is challenging. In adult rodents, only 0.02-0.03% of 
the total germ cells have stem cell capacity."^ Fortunately, a 
few of surface marker were identified in mouse SSCs such as 
Thyl, GDNF family receptor alpha 1 and integrin. Alpha 6, 
which can be used for purification of SSCs by fluorescent- 



activated cell sorting or magnetic-activated cell sorting 
(MACS).^-^ 

SSC transplantation was established in 1994.^ ''° Donor 
SSCs can be transplanted into recipient mice and initiate the 
process of spermatogenesis. In clinical, SSC transplantation 
will be a valuable solution for young male patients to preserve 
their fertility.^ ^ '^^ Adolescents and adult men have the option 
of cryopreservation of their semen before cancer treatment, 
but prepubertal boys cannot benefit from this approach since 
their spermatogenesis have not completed. Luckily, collection 
of the testis tissue before radiation- or chemo-therapy and 
transplantation of SSCs back into their seminiferous tubules 
after the therapy would recover the patients' spermatogen- 
esis. As the SSCs in the collected testis tissue from the 
patients are very limited, it is necessary to expansion the 
SSCs in vitro. 
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Research has identified several signaling pathways as well 
as a number of transcription factors to play essential roles in 
the maintenance of SSCs. Glial cell line-derived neurotrophic 
factor (GDNF) has been identified as a critical factor in wVofor 
the replication of SSCs"'^ '"^ and a primary regulator of the fate 
decision for SSCs in vitro?^''^ GDNF-regulated transcrip- 
tional factors, for example B-cell OLMymphoma 6, member B, 
are crucial for SSC maintenance in vitro?^ In addition, 
promyelocytic leukemia zinc-finger protein (PIzf), a GDNF- 
independent transcriptional factor, is also required for SSC 
maintenance because mice with mutant PIzf show progres- 
sive loss of SSCs, leading to sterility. ^^'^^ Meanwhile, it was 
reported that epigenetic regulation also played an important 
role in the maintenance of SSCs. For example, the abnormal 
expression of DNA methyltransferase led to spermatogenic 
defects,^° and JMJD3 (a histone H3K27 demethylase) 
regulated fragmentation of spermatogonial cysts. However, 
what role histone modification play in the maintenance of 
SSCs remains unknown. 

Histone proteins consist mainly of flexible amino-terminal 
tails protruding outward from the nucleosome, and globular 
carboxy-terminal domains making up the nucleosome scaffold.^^ 
A variety of modifications occur throughout the histone 
proteins on the N-terminal tail including phosphorylation, 
ubiquitination, acetylation and methylation, which play 
important roles in chromatin remodeling, gene transcriptional 
regulation, stem cell maintenance and differentiation. ^^"^^ 
Histone H3 lysine 9 tri-methylation (H3K9me3) is one of the 
most highly studied covalent modifications and has functions 
in the repression of genes, most likely via acting as a 
recognition motif for the binding of chromatin-associated 
proteins.^^ 

The histone methyltransferase ERG-associated protein 
with SET domain (ESET) (also known as SETDB1 or KMT1 E) 
represses gene expression through H3K9me2/3.^^'^^ ESET 
has shown to be vital for the maintenance of embryonic stem 
cells (ESCs).^° Furthermore, ESET plays essential roles both 
in the maintenance of articular cartilage and survival of 
neurons. ^^ '^^ As conventional ablation of the Esef gene leads 
to embryonic lethality, the functions of ESET in spermato- 
genesis have not been examined extensively. 

The objective of this study was to determine the role of 
ESET in SSCs using in vitro cell culture and germ cell 
transplantation. We found that ESET regulated SSCs 
apoptosis by suppression of cytochrome c oxidase subunit 
IV isoform 2 (Cox4i2) expression through H3K9me3 and DNA 
methylation. Our data demonstrated, for the first time, that 
ESET regulated gene expressions in SSCs via modulation of 
H3K9me3, implicating that ESET was a novel epigenetic 
regulator for SSCs. The results obtained will further broaden 
the research on SSC biology and provide new idea for the 
treatment of male infertility. 

Results 

Global level and distribution of ESET and H3K9me3 in 
mouse testis tissue. Esef transcripts were detected at high 
levels in testis, while at low levels in heart and kidney 
(Figure 1a). To detect the global level of ESET and H3K9me3 
in spermatogenesis, qRT-PCR and western blot using 



multiple tissues from testis at different developmental stages 
were performed. The expression of ESET was gradually 
increasing during testis development, in parallel to the global 
level of H3K9me3 (Figures 1b and c). 

We further examined the distribution of ESET and 
H3K9me3 in SSCs by co-immunofluorescence staining. The 
result showed both ESET and H3K9me3 were presented in 
SSCs (positive for PLZF or Thyl, Figure Id and 
Supplementary Figure SI). Interestingly, distinct distribution 
of H3K9me3 was observed in mouse testis. H3K9me3 
displayed an exclusively perinuclear distribution in SSCs 
while localized to punctate foci in differentiated spermato- 
gonia (positive for KIT, Figure Id), which is consistent with 
previous reports.^"^ As a heterochromatin marker,^^ this 
unique distribution of H3K9me3 may be used to distinguish 
SSCs and the differentiated spermatogonia in mouse testis. 

ESET is a negative regulator of SSC maintenance. As the 

population of SSCs in the testis is very low, MACS using anti- 
Thyl IgG-conjugated microbeads was performed to enrich 
SSCs. The purity of the isolated cells was 92% as indicated 
by immunocytochemistry for Thyl (Figures 2a and b). To 
reveal the role of ESET in SSCs, RNA interference using 
lentiviral vectors coding for short hairpin (sh) RNAs directed 
against Eset was performed in primary SSCs. The expres- 
sion of ESET in Esef-small hairpin RNA (shRNA) lentiviral 
transduced SSCs was significantly reduced examined by 
qRT-PCR (Figure 2c) and western blot (Figure 2d). In 
addition, we found that depletion of ESET resulted in 
deduction of H3K9me3 (Figure 2d), suggesting that ESET 
is required for the maintenance of H3K9me3 in SSCs. 

SSCs were enriched through MACS, transduced with Eset- 
shRNA lentiviral particles and cultured on feeder layer of 
Sertoli cells. Following 2-week cultivation in vitro, the number 
of SSCs in ESET-knockdown (KD) group (transduced with 
Esef-shRNA lentivirus) was significantly reduced compared 
with the control (transduced with scrambled shRNA lentivirus 
or no lentivirus infection) (Figures 2f-h). Immunofluorescence 
for Lin28 was performed to further confirm the SSCs number 
post culture in vitro (Figures 2i-k). It has reported that Lin28, 
as a pluripotency factor, was specifically expressed in As, Apr 
and Aal spermatogonia, which were widely considered as 
SSCs in mouse. ^ Lin28 was used as a SSCs marker in the 
previous studies and has been shown to be associated with 
stemness of SSCs.^^~^° In our experiments, Lin28 was used 
to distinguish the undifferentiated spermatogonia from other 
types of cells(such as Sertoli cell and differentiated sperma- 
togonia). The result showed that Lin28-positive cells in ESET- 
KD group were significantly reduced (Figure 2e), suggesting 
ESET deficiency led to decrease of the number of SSCs 
probably because of apoptosis or differentiation. 

Transplantation assay showed that ESET was essential 
for SSC maintenance in vivo. To test whether ESET 
regulates the maintenance of SSCs in vivo, we applied the 
assay of SSC transplantation. SSCs were enriched through 
MACS, seeded on laminin-coated plates and transduced with 
Esef-shRNA lentiviral particles. Two days later, cells were 
transplanted into recipient mouse testis that was previously 
treated with busulfan to deplete endogenous germ cells 
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Figure 1 Global level and co-immunofluorescence localization of H3K9me3 and ESET. Transcripts of Esetmre examined by qRT-PCR in multiple tissue samples (a) and 
during postnatal development of the testis (b). Values were normalized to that of Gapdh. *P< 0.05 compared with other tissues, (c) ESET expression and H3K9me3 level 
were examined by western blot during postnatal development of the testis, (d) Co-immunofluorescence localization of H3K9me3/ESET (red) and PLZF/KIT (green) in SSCs 
and differentiated spermatogonia. Bar = 100 ^m. White line boxes were shown at higher magnification 



(Figures 3a and b). At 10 weeks post surgery, the weight of 
testes from recipient mice transplanted with ESET-KD SSCs 
was less than that of those transplanted with NC SSCs or 
Mock SSCs (no lentivirus transduction) (P< 0.05) (Figures 3c 
and d). 

We examined further the spermatogenesis in the recipient 
mice. Seminiferous tubules showing spermatogenesis were 
analyzed according to the previous reports."*^ The number 
of seminiferous tubule with (at least two layers of germ cells) 
or without spermatogenesis was counted for measuring the 
recovery of spermatogenesis. The result showed the number 
of seminiferous tubules showing spermatogenesis in ESET- 
KD group was lower than that in the control groups (Figures 3e 
and f). These data suggested that in the control groups, SSCs 
could home in the basement membrane of seminiferous 
tubules and initiate spermatogenesis, but SSCs in the ESET- 
KD group could not do so. 

Since the lentiviral backbone contained an EF-1a/GFP 
expression cassette, GFP expression would mirror the 
transplanted SSCs that were tranduced with lentiviral vectors 
successfully and their progeny cells in the seminiferous 
tubules. Expression of GFP and PLZF significantly reduced 
in the ESET-KD group, indicating that the number of 
transplanted SSCs in recipient mice testis was reduced upon 
depletion of ESET (Figure 3g). These observations were 



consistent with the in wYro experiments (Figure 2e), indicating 
that ESET was essential for the survival of SSC. 

ESET depletion induces SSC apoptosis. SSCs were 
enriched through MACS and transduced with lentiviral 
shRNA expression construct as above. Following 1-week 
cultivation in vitro, terminal deoxynucleotidyl transferase- 
mediated dUTP nick-end labeling (TUNEL) assay was 
applied to detect apoptotic cells. The results showed that 
the number of apoptotic cells in ESET-KD group was 
significantly increased (Figures 4a and b), suggesting ESET 
regulated the apoptosis of SSCs. The above data also 
suggested that apoptosis might be one of key reasons in 
reduction of the number of SSCs after ESET depletion both 
in vivo and in vitro. 

cDNA microarray analysis was further performed to screen 
the genes modulated by ESET. RNA was isolated from the 
1 -week cultured cells. Interestingly, the expression of apoptosis- 
associated genes such as P53, Caspase9, apoptotic protease 
activating factor 1 (Apaf1) was upregulated, whereas that of 
apoptosis -suppressed genes such as Bcl2l1, X-linked inhibitor 
of apoptosis protein was downregulated. The changes in 
expression of the aforementioned genes were further validated 
by qRT-PCR (Figure 4c). In addition, western blot assay 
showed that the suppression of ESET led to increase in 
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Figure 2 MACS and RNAi efficiency and SSC culture in vitro, (a) Immunofluorescence of Thy1 (red) and DAPI (blue) in presorted and two-step sorted cells. Bar = 80 ^m. 
(b) Proportion of Thy1 -positive cells in presorted and two-step sorted fraction (n = 4). More than 350 cells were counted for each sample. Asterisks indicate statistically 
significant differences (**P< 0.01). (c) qRT-PCR analysis of Esef expression in the ESET-KD, NC and Mock SSCs group. Values were normalized to that of Gapdh, **P< 0.01 
compared with NC or Mock controls, (d) ESET and global H3K9me3 level were slightly decreased in the ESET-KD SSCs, examined by western blot, (e) Relative number of 
Lin28-positive cells in ESET-KD, NC and Mock SSC groups after 2 weeks culture. Five thousands of SSCs for each treatment were plated in multiple wells of a 96-well plate 
and cultured for 2 weeks (n = 3). The number of Lin28-positive cells in ESET-KD group was lower than that in NC and Mock group (**P< 0.01). (f-k) Culture of SSCs after 
transduced with lentiviral. ESET-KD SSCs (f and 1), NC group (g and j) and Mock group (h and k) were analyzed after 2 weeks culture. Immunofluorescence for Lin28 (red) and 
DAPI (blue) were performed to count the number of SSCs (i-k). Bar = 80 



expression of Caspase9 and activation of CaspaseS (P17) as 
well as cleavage of poly (ADP-ribose) polymerase (PARP) 
(Figure 4d). These data suggested the scenario for SSC 
apoptosis by ESET depletion might initiate from upregulating 
apoptosis inducers such as Apaf1, Caspase9 and down- 
regulating apoptosis suppressors such as Bcl2l1, X-linked 
inhibitor of apoptosis protein to promote assembly of the 
apoptosome complex, and in turn activating the effector 
CaspaseS and further causing the cleavage of PARP. 



ESET regulated SSC apoptosis by targeting Cox4i2 
tlirougli increasing H3K9me3 and DNA metliylaion. To 

further understand the mechanisms by which ESET 
regulates SSC apoptosis, we conducted chromatin immuno- 
precipitation (ChIP) analysis. As it was hard to collect a large 
number of the primary SSCs for ChIP assay, a spermato- 
gonial stem/progenitor cell line (C18-4 cells) was used in this 
study."^^""^^ We selected 16 of the upregulated genes 
from the microarray data and analyzed their proximal 
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Figure 3 Phenotypic characteristics of recipient testes transplanted with SSCs that were transduced with lentiviral particles, (a) Schematic diagram of the SSC 
transplantation strategy, (b) After injection, presence of dye in seminiferous tubules confirmed successful injection (left). After 10 weeks, GFP expression in seminiferous 
tubules indicates donor SSC-derived spermatogenesis (right). Bar = 2 mm. (c) Testis from recipient mice transplanted with ESET-KD SSCs was smaller than that transplanted 
with NC SSCs. Bar = 4 mm. (d) Testis weights in ESET-KD, NC and Mock group. The values were significantly lower in the ESET-KD group compared with the control groups 
(*P<0.05). (e) Hematoxylin-eosin staining of the testis tissue transplanted with ESET-KD and NC SSCs. Spermatogenesis was heavily impaired in ESET-KD group. 
Bar = 100 fim. (f) Quantitative measurements of reconstitution of the seminiferous epithelium (n = 3). More than five sections and an average of 80 tubules/section were 
counted for each sample. Asterisk indicates significant differences between the two groups (*P< 0.05). (g) Western blot analysis of testis tissue transplanted with ESET-KD 
SSCs, NC SSCs and Mock SSCs 



promoter within 4 kb upstream from the transcriptional start 
site. Chip analysis using anti-ESET IgG showed that ESET 
bound to the promoter region of five genes {Cox4i2, 
spermatogenesis and oogenesis specific basic helix- 
loop-helix 2 (Sohlh2), Nobox, Foxn1 and deleted in 
azoospermia-like (DazI)) (Figure 5a), the expression of 
which increased when ESET was knocked down 
(Supplementary Figure S2), indicating that these five genes 
were regulated by ESET. However, we did not find that 
ESET bound to promoter loci of apoptotic inducer Apaf1 
and CaspaseO examined by ChIP assay using ESET 
antibody, although the transcription of these two genes 
was upregulated in ESET-KD group. Previous studies have 
shown that CoxlV enrichment were early events preceding 
the onset of apoptosis and that oxidation of cytochrome c 
by cytochrome oxidase-stimulated caspase activation. "^^ "^^ 
Therefore, among the five ESET-targeting genes, Cox4i2 
(also named as CoxlV-2, belongs to the cytochrome c 
oxidase IV family) may be a mediator for ESET to regulate 
apoptosis of SSCs. 



To further address whether KD of Cox4i2 rescues the cell 
death phenotype of ESET-KD cells, both siRNA of ESET and 
Cox4i2 were transfected to C18-4 cells simultaneously. 
TUNEL assay showed that apoptosis was reduced in cells 
co-transfected with both siRNA of ESET and Cox4i2 
compared with that of only transfected withEsef siRNA 
(Figure 5c). qRT-PCR assay showed that the level of 
Caspase9 was decreased in co-transfection group 
(Figure 5d), which is consistent with the TUNEL assay. These 
observations further suggest that KD of Cox4i2 partially 
rescues the cell death phenotype of ESET-KD cells and ESET 
may indirectly regulate Caspase9 via Cox4i2 and influence 
SSC apoptosis. 

Interestingly, ChIP experiment using H3K9me3 antibody 
revealed that H3K9me3 in the promoter regions of the 
regulated genes decreased in ESET-KD treatment 
(Figure 5b), suggesting that ESET binds to these genes and 
represses their expression via increased H3K9me3 marks. To 
further elucidate whether depletion of ESET lead to change of 
DNA methylation, we performed bisulfite sequencing PCR. 
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Figure 4 ESET regulated SSC apoptosis via caspase-dependent pathways, (a) TUNEL staining of SSC transduced with Esef-shRNA (ESET-KD), NC-shRNA (NC) or no 
lentiviral particles (Mock). Red color indicates TUNEL-positive cells. Counterstained with Hoechst 33342 are represented in blue. Bar = 100 ^m. (b) Graphical representation 
of the number of TUNEL-positive cells (n = 4). More than 280 cells were counted for each sample. Asterisks indicate statistically significant differences (*P< 0.05). (c) qRT- 
PCR analysis of gene expression in the ESET-KD, NC and Mock SSCs group. Values were normalized to that of Gapdh, *P< 0.05 compared with NC or Mock controls, 
(d) Caspase-dependent apoptosis caused by lacking ESET examined by western blot. CaspaseQ and the cleaved Caspase3 level were increased, and with the presence of 
cleaved PARP in ESET-KD SSCs 



DNA methylation at promoter regions of ESET-target genes 
Cox4i2 and DazI (co-targeted by ESET and H3K9me3) was 
analyzed. The results showed that DNA methylation at the 
Cox4i2 promoter decreased, but did not change at the 
promoter of DazI, in ESET-KD cells (Figure 5e), suggesting 
ESET also regulates Cox4i2 and influence SSC apoptosis by 
increasing DNA methylation. 

Discussion 

SSCs maintain sperm production in the testis throughout adult 
life. In rodents, SSCs are considered to be a subpopulation of 
the most undifferentiated spermatogonia: the single type A 
(As) spermatogona.^ The study of the mechanisms regulating 
SSC fate is challenging because of the rare number and 
difficulty in genetic manipulation of SSCs. To solve this 
problem, in this study MACS was applied to enrich SSCs and 
lentiviral vectors were used to manipulate the purified SSCs. 
MACS with anti-Thy1 IgG has been successfully enriched 
SSCs in our laboratory and the other groups.^ "^^ The Thy1- 
positive (as a marker of SSCs) cells were as high as 92% in 
the MACS-sorted cells (Figures 2a and b). Short hairpin RNAs 
can be expressed from lentiviruses, allowing for high 
transfection efficiency of a variety of cell types, including 
non-dividing cells and stem cells.'^^'^^ It has been reported 
that lentivirus showed high transduction (about 53.7%) with an 
optimized protocol in SSCs.^"* 

In this experiment, SSC transplantation was used to study 
the function of SSCs. SSCs were purified from fertile donors 
and transplanted into the testes that was previously treated 
with busulfan to deplete endogenous germ cells. SSCs are 
able to migrate into the basement membrane of the 
seminiferous tubules, form colonies and produce sperm 
cells. SSC transplantation has become a golden standard 



for detecting functional activities of SSCs and was used for 
elucidating the molecular mechanisms involved in self- 
renewal and differentiation of SSCs.^ ''^ We acquired the 
purified SSCs from 6-8 days old mice. After lentiviral 
transduction, SSCs were transplanted into recipient mouse 
testis. ESET-KD SSCs were under apoptosis and lost the 
SSC activity, while the control SSCs were able to homing 
and initiate spermatogenesis. Ten weeks after transplanta- 
tion, the number of seminferous tubules with spermato- 
genesis in the control was significant higher than that in 
the ESET-KD group. The more the seminiferous tubules 
with spermatogenesis, the more SSCs survived and 
differentiated. 

Since the transduction efficiency of lentivirus was moder- 
ate, SSCs, which were not transduced with lentiviral particles 
in ESET-KD group, were also able to homing and initiate 
spermatogenesis. Therefore, it would produce background 
when counting the colonies. To avoid this problem, western 
blot of GFP were used in this study. Because the lentiviral 
backbone contained an EF-1a/GFP expression cassette, only 
lentiviral transduced SSCs and their progeny cells would show 
GFP expression. Therefore, the level of GFP in recipient 
mouse testis can reflect the number of transplanted SSCs 
with lentiviral transduction. Expression of GFP significantly 
reduced in the ESET-KD group (Figure 3g), indicating that the 
number of SSCs in recipient mice testis was reduced upon 
depletion of ESET. 

As well known, once cytochrome c is released into the 
cytoplasm it binds to Apaf 1 , which then binds to Caspase9 to 
form a protein complex known as an apoptosome. Apopto- 
some is central to the induction of apoptosis through activating 
the effector Caspase3 and further causing the cleavage of 
PARP. In SSCs, as a negative regulator of apoptosis, ESET 
inhibits assembly of the apoptosome complex through 
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Figure 5 ESET regulated SSCs apoptosis by Cox4i2 through increasing H3K9me3 and DNA methylation. (a) Cross-linked ChIP assay was performed with IgG or anti- 
ESET IgG in C18-4 cells and direct binding of ESET on the promoter regions of Cox4\2, Sohlh2, DazI, Nobox, Foxn1, Capase9an6 Apaf1 was detected. *P< 0.05 compared 
with IgG group, (b) ChIP assay was performed with H3K9me3 antibody in C18-4 cells transfected with Esef-siRNA, NC-siRNA or transfection reagent. Binding activity (relative 
to the input) of H3K9me3 on promoter regions of Cox4i2, Nobox, DazI, Foxn1 and Sohlh2ms quantified. *P< 0.05 compared with NC-siRNA or Mock controls, (c) Graphical 
representation of the number of TUNEL-positive cells (n = 4). More than 256 cells were counted for each sample. Asterisks indicate statistically significant differences 
(**P<0.01). (d) Transcripts of Eset, Cox4i2an6 Caspase9mre examined by qRT-PCR in C18-4 cells transfected with siRNA. (e) Bisulfite sequencing analysis of Cox4i2 
( - 0.5 kb) and DazI promoter ( - 0.5 kb) in C18-4 cells. The position of CpG dinucleotide analyzed is indicated by a horizontal line. Open circles, unmethylated CpG; closed 
circles, methylated CpG 



suppression of Apaf1 and CaspaseQ, and thus influence 
activation of CaspaseS and the cleavage of PARP. We 
noticed that CaspaseQ and the number of apoptotic cells in co- 
transfection group were also higher than those in the control 
group, although they were significant lower than those in Eset- 
siRNA group in the rescue experiment. We speculated that 
other apoptosis regulatory pathways regulated by ESET may 
exist in SSCs. On the one hand, ESET may upregulate 
CaspaseQ expression by other target gene(s) in addition to 
Cox4i2, because depletion of Cox4/2 expression in ESET-KD 
cell was not able to restore the CaspaseQ expression to 
normal level (Figure 5d). On the other hand, ESET may 
modulate apoptosis via other pathways. The focus of 
our present work was to provide a regulation mode of 
ESET including H3K9me3 and DNA methylation, and the 
integral mechanisms of apoptosis regulation require further 
study. 



In mammalian cells, H3K9me3 is a hallmark of hetero- 
chromatin and is important for silencing of genes and 
retroelements.^^ In the present study, ChIP assays showed 
that ESET directly bound to the promoters of the Cox4i2, 
Sohlh2, Nobox, Foxn1 and DazI. Furthermore, in the 
depletion of ESET, the H3K9me3 mark on these gene loci 
was reduced, leading to upregulation gene expression of 
Cox4i2, Sohlh2, Nobox, Foxn1 and DazI. It was reported that 
the genes upregulated after deletion of ESET in mouse 
embryonic stem cells (ESCs) are distinct from those 
derepressed in ESC deficient in the DNA methyltrans- 
ferases, with the exception of a small number of primarily 
germline-specific genes (such as DazI and Cox7b2).^^ In 
SSCs, we found Cox4l2 and DazI showed high level of 
H3K9me3 and DNA methylation in their promoter region, 
suggesting these genes were suppressed by H3K9me3 and 
DNA methylation simultaneously. Interestingly, the DNA 
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Figure 6 The schematic diagram of ESET regulation in SSCs. The schematic 
diagram demonstrates epigenetic regulation events in apoptosis process in 
spermatogonial stem/progenitor cells. ESET modulates H3K9me3, which represses 
the expression of Cox4i2 directly and also suppresses expression of Apaf1 via 
undetermined ways. Cox4i2 stimulates activation of Caspase9, which then cleaves 
downstream caspases (such as CaspaseS) and PARP, leading to cell apoptosis 



methylation in the promoter loci of Cox4i2, but not of DazI, 
was influenced by ESET, indicating that ESET also regulate 
gene expression through DNA methylation in addition to 
histone methylation. 

In conclusion, we showed that in SSCs, Cox4/2 expression 
was suppressed by ESET, which was recruited to the 
promoter of Cox4i2 and increased the level of H3K9me3 
and DNA methylation which highly correlated with constitutive 
heterochromatin. SSC apoptosis caused by ESET depletion 
through derepressed Cox4i2 and further upregulated Cas- 
pase^which in turn activates effector Caspase3an6 cleavage 
of PARP (Figure 6). 

Materials and l\/lethods 

l\/lice. Wild-type C57BL/6J and Kunming mice were used in our experiments. All 
animals were housed in a barrier facility under normal light and dark conditions 
with free access to food and water. All experimental procedures involving animals 
were approved by the Northwest A&F University's Institutional Animal Care and 
Use Committee. 

Cell culture. SSCs were cultured on plate with laminin-coated or Sertoli cell 
feeders. Primary Sertoli cells cultured using DMEM/F12 (Gibco, Grand Island, NY, 
USA) were supplemented with 10% FBS (Gibco). When Sertoli cells reached 
about 90% confluency, the cells were treated with mitomycin C (10mg/l, Sigma, 
St. Louis, MO, USA) for 3h and washed five times with PBS. SSCs culture 
medium consisted of DMEM/F12 (Gibco) supplemented with 1% FBS (Gibco), 
30ng/ml j6-estradiol (Gibco), 100U/ml penicillin, 100^g/ml streptomycin, 1 x 
MEM non-essential amino acids, 20ng/ml GDNF, 10ng/ml mouse EGF, 10ng/ml 
bFGF. The medium was changed every 2-3 days. 

The C18-4 cell line was established from type A spermatogonia isolated from 
6-day-old mouse testes.^^ The cells were maintained in DMEM medium 
supplemented with 10% fetal calf serum, 1 mM sodium pyruvate, 2mM glutamine, 
50U/ml penicillin, 50^g/ml streptomycin and lOOmM non-essential amino acids. 
The siRNA sequences targeting mouse ESET and Cox4i2 mRNA were designed 
and synthesized by Genepharma Company (Shanghai, China). The siRNAs were 
transfected into CI 8-4 cells using Lipofectamine2000 (Invitrogen, Carlsbad, CA, 
USA) according to the manufacturer's protocol. 



Immunohistochemistry and antibodies. Testes from 3-month-old 
C57BL/6J mice were used for immunohistochemistry. The following primary 
antibodies were used: rabbit anti-ESET (1 :50; Proteintech, Chicago, IL, USA), 
rabbit anti-H3K9me3 (1 : 500; Millipore, Billerica, MA, USA), goat anti-PLZF 
(1 : 100; Santa Cruz, Dallas, TX, USA), goat anti-KIT (1 : 100, Santa Cruz) and 
goat anti-Thyl (1 :150, Santa Cruz). The following secondary antibodies were 
used: Alexa 488-conjugated donkey anti-goat IgG and Alexa 594-conjugated 
donkey anti-rabbit IgG (1 : 400, Invitrogen). Immunofluorescence images were 
obtained with a Nikon 190 microscope (Nikon, Tokyo, Japan). 

RNAi lentivector construction and lentivirus production. The U6 

RNAi cassette fragment from pSilencer 2.1-U6 hygro (Life Technologies, 
Carlsbad, CA, USA, AM5760) was amplified and cloned into pCDH-CMV-MCS- 
EFI-GreenPuro (CD513B-1, SBI, Mountain View, CA, USA) to generate pCDH-U6- 
MCS-EFI-GreenPuro Lentivector. A sequence specific to the mouse Eset cDNA 
used in the experiment was 5'-GGTGATGAGTACTTTGCAAAT-3'. A scramble 
sequence (5'-GATGAAATGGGTAAGTACA-3') was used as a negative control. 
HEK 293T cells were transfected with pCDH-U6-ESET/NC-shRNA and the other 
three plasmids (pGag/Pol, pRev, pVSV-G). Lentivirus-containing supernatants 
were collected and stored at - 80 °C. Lentivirus titers were identified by infecting 
NIH3T3 cells with viral supernatant for 16 h. After incubation in fresh medium for 
an additional 48 h, stably infected colonies were selected with puromycin (2 fig/ml) 
for 3 days, and viral titer was calculated by counting the TurboGFP-positive 
colonies (Life Technologies). 

Testicular cell preparation and MACS. Testicular germ cell suspen- 
sions were obtained from Kunming mice at 6-8 days after birth using a two-step 
enzymatic digestion protocol. Sixty to eighty male mice were used in each 
experiment. Briefly, after removal of the tunica albuginea, the seminiferous tubules 
were digested with collagenase IV (1 mg/ml, Gibco) followed by digestion with 
0.25% trypsin-EDTA (Hyclone, Erembodegem, Belgium) and DNase I (1 mg/ml, 
Gibco). Fetal bovine serum (Hyclone) was added to stop enzymatic digestion. The 
resulting cell suspension was filtered with a strainer (pore size: AOfim, BD 
biosciences) and centrifuged at 600 xg for lOmin. Cells were preliminarily 
purified by differential plating. 

Magnetic microbeads conjugated to anti-Thyl antibody (30-H12; Miltenyi Biotec, 
Bergisch Gladbach, Germany) were used for MACS to enrich Thyl -positive cells. 
Briefly, the single-cell suspension (1 x 1 0^ cells in 90 ^1 of MACS buffer) was incubated 
with 1 0 /il of Thyl microbeads for 20 min at 4 °C. After rinsing with MACS buffer, Thyl - 
negative cells were selected by passing through an MS separation column (Miltenyi 
Biotec) that was placed in a magnetic field. After removal of the column from the 
magnetic field, the magnetically retained Thyl -positive cells were eluted. The fraction of 
Thyl -positive cells was passed over a new prepared column for further purification. 

Lentiviral transduction of mouse SSCs. Thyl -positive cells (2 x 10^) 
were re-plated onto laminin-treated (20 ^g/ml, Sigma) 24-well plates in DMEM/F12 
(Gibco) with 5% FBS (Gibco). The next day, SSCs (Thyl -positive cells) were 
transduced with Esef-shRNA lentivirus or NC-shRNA lentivirus (MOI = 10), with 
polybrene (4^g/ml, Sigma). After 12h of culture, the medium was replaced with 
fresh SSCs culture medium. After 1 week of culture, cells were used for RNA and 
protein extraction, TUNEL analysis or microarray. 

TUNEL staining. The cells were fixed in 4% paraformaldehyde for 40 min and 

incubate with 0.2% Triton X-100 for 30 min at room temperature. Cells were 
labeled using a One Step TUNEL Apoptosis Assay Kit (Beyotime, Jiangsu, China), 
according to the manufacturer's protocol. The nuclei were counterstained with 
Hoechst 33342 (Beyotime) to determine the percentage of TUNEL-positive nuclei 
relative to the total number of Hoechst-stained nuclei. 

SSC transplantation. Mice were anesthetized by intraperitoneal injection of 
Avertin (Sigma). Donor lentivirus-infected SSCs (1 x 10^ cells/ml) were trans- 
planted into the recipient mouse testis that was treated with busulfan to deplete 
endogenous germ cell 4 weeks before surgery (three replicates). About 10 weeks 
after transplantation, the recipient mouse testes were collected and used for protein 
extraction and immunohistochemistry. Testes of transplanted mice were fixed and 
embedded in paraffin. Sections were stained with hematoxylin and eosin and 
observed under a light microscope. The number of seminiferous tubule with (at 
least two layers of germ cells) or without spermatogenesis was counted and the 
proportion of the sections positive for spermatogenesis was recorded. The values 
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for each transplantation group were determined in three replicates, in each of which 
at least five sections and an average of 80 tubules/section was examined. 

Microarray analysis. SSCs (Thy 1 -positive cells), which were enriched 
through magnetic-activated cell sorting and transduced with Esef-shRNA or 
NC-shRNA lentiviral particles, were subjected to RNA extraction. Samples were 
RNA pool from three independent experiments. mRNA were reverse-transcribed, 
labeled and analyzed using the Roche NimbleScan microarray platform (Mouse 
12x135K Gene Expression Array, NimbleGen Systems, Madison, Wl, USA). 
Array was processed as per the manufacturer's instruction. 

Quantitative RT-PCR (qRT-PCR). RNA was extracted from the cell or 
tissues with Trizol (Invitrogen) according to the manufacturer's protocol. RNA 
samples were subjected to reverse transcription using PrimeScript RT reagent Kit 
with gDNA Eraser (Takara, Dalian, China). Real-time PGR was performed with 
SYBR Green II PGR Mix (Takara) using an IQ5 (Bio-Rad, Berkeley, GA, USA). 
Reactions were run in triplicate in three independent experiments. The primer 
sequences are provided in Supplementary Table S1. Expression data were 
normalized to the geometric mean of housekeeping gene Gapdh to control the 
variability in expression levels and were analyzed using the 2"^^*^^ method. 

Western blot. Protein concentration of the cell lysates was determined using a 
Bradford assay (Thermo Scientific, Rockford, IL, USA). Gell lysates were 
separated by SDS-PAGE, and transferred to PVDF membranes (Millipore). 
Membranes were probed using the following primary antibodies: anti-ESET 
(Proteintech, 1:1500), anti-Gaspase9 (Proteintech; 1:1000), anti-H3K9me3 
(Millipore, 1 :2000), anti-GaspaseS (Santa Gruz and Proteintech, 1 :1000), anti- 
PLZF (Santa Gruz, 1 : 1000), anti-GFP (Beyotime, 1 : 1000) and anti-PARP (Gell 
Signaling Technology, Danvers, MA, USA; 1 : 1000). Secondary antibodies were 
horseradish peroxidase-l inked anti-rabbit or anti-goat antibody (Abeam, Cambridge, 
UK; 1 : 5000). Protein bands were visualized on a Bio-Rad Ghemidoc XRS using a 
Westem Bright EGL Kit (Advansta, Menio Park, GA, USA). 

Chip. GhIP analysis was carried out using EZ-GhIP Kit (Upstate, Lake Placid, 
NY, USA) following the manufacturer's protocol. Formaldehyde-treated G18-4 cells 
were re-suspended in SDS lysis buffer, and the cell lysates were sheared by 
sonication. The chromatin fragments were immunoprecipitated with an antibody 
against ESET (Proteintech), H3K9me3 (Millipore), H4K20me3 (Millipore) and the 
purified DNA was analyzed by qPGR. The primer sequences are provided in 
Supplementary Table S2. 

Bisulfite sequencing PGR. For bisulfite sequencing, cells were directly 
subjected to bisulfite conversion by using an EZ DNA Methylation Direct kit (Zymo 
Research, Orange, GA, USA). Bisulfite-modified DNAs were amplified 
(Supplementary Table S2). For sequence analysis, the PGR products obtained 
after bisulfite conversion were cloned into a pBackZero-T Vector (Takara), and six 
(DazI) or nine (Gox4i2) individual clones were sequenced. 

Statistical analysis. Data were expressed as the mean ± S.E.M. Differences 
between groups were assessed using ANOVA with a Duncan's multiple range 
test (SPSS 12 for Windows; Chicago, IL, USA). A difference of P<0.05 was 
considered significant. 
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